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Summary 22
• Co-evolution between plants and arbuscular mycorrhizal fungi (AMF) may occur over 23 short time spans. However, whether plants and AMF co-adapt and how this may be 24 influenced by plant diversity has never been addressed. 25
• We carried out a plant-AMF experiment using five plant species and AMF selected 26 over 11 years in plant monocultures or mixtures. Single plants were grown in sterile 27 soil or soil inoculated with monoculture or mixture AMF or with a positive control 28 (Rhizoglomus irregulare). We measured plant biomass, plant functional traits and 29 AMF colonization. 30
• Mixture AMF were more beneficial than monoculture AMF for two plant species. Of 31 the other three species, Veronica chamaedrys showed reduced performance with all 32 5 selection from 2002 until 2014 in either plant monocultures (monoculture-type plants) or 112 species mixtures (mixture-type plants, Fig. 1 ). The five plant species are also known to enter 113 symbioses with arbuscular mycorrhizal fungi (Harley & Harley, 1987) . 114
115
First controlled seed production and "soil training" 116
In spring 2010, the entire plant communities of 48 plots (12 monocultures, 12 two-117 species mixtures, 12 four-species mixtures and 12 eight-species mixtures) of a biodiversity 118 experiment in Jena, Germany (the Jena Experiment), were collected as cuttings and 119
transplanted to an experimental garden in Zurich, Switzerland, in identical plant composition 120 for a first controlled sexual reproduction among co-selected plants (Zuppinger-Dingley et al., 121 2014) . Additionally, the top 30 cm soil of the 48 plots was pooled together, mixed and placed 122 back into the excavated locations in the Jena Experiment. In spring 2011, the seedlings 123 produced from the seeds of the first controlled sexual reproduction in Zurich were 124 transplanted back into the mixed soil in the same plots of the Jena Experiment from where the 125 parents had originally been excavated. In these re-established plots, plant communities with 126 identical composition as the original communities were maintained for three years until 2014 127 to allow them to become associated with their own microbial communities. 128
129
Second controlled seed production 130
The seeds were obtained from a second controlled sexual reproduction. In March 131 2014, entire plant communities from the re-established plots in the Jena Experiment were 132 collected and planted in their respective communities in 1 x 1 m plots in the experimental 133 garden in Zurich. The plots were filled with 30 cm of soil (1:1 mixture of garden compost and 134 field soil, pH 7.4, Gartenhumus, RICOTER Erdaufbereitung AG, Aarberg, Switzerland), and 135 fenced with netting to minimize cross-pollination with plants outside the plots. We collected 136 seeds from five monoculture and five mixture plots (one four-species mixture and four eight-137 species mixtures). The seeds of the five plant species were stored at +4 ˚C for two months. 138
Four weeks before the start of the experiment, the seeds were surface-sterilized with 7-14 % 139 bleach for 10-45 min and subsequently germinated on 1% water-agar. 140
141
Soil collection and inoculum preparation 142
In March 2014 we collected rhizosphere soil samples attached to the roots of the 143 plants collected in the Jena Experiment (Fig. 1) . By then, the soil communities had undergone 144 6 three years of community re-assembly and eight plus three years of potential co-evolution 145 with each of the five plant species in monocultures or mixtures. 146
To isolate AMF communities from the sampled rhizosphere soils, we passed 147 deionized water and 25 g of soil sample through a series of sieves and isolated soil particles 148 with a diameter of 32-500 µm using a sugar gradient-centrifugation method (Sieverding, 149 1991) . The AMF spores were manually collected with a pipet under a microscope at 200-fold 150 magnification. To accumulate the isolated AMF communities, we established trap cultures 151 that consisted of 2 L of 4:1 sand-soil mixture, autoclaved at 120 °C for 99 min, and a 152 monoculture of trap plants of one of each the five tested plant species (Fig. 1) . All trap 153 cultures received 300-400 AMF spores in 30 ml of deionized water, except for the negative 154 control trap cultures, which received 30 ml of deionized water without AMF spores. We 155 deliberately avoided that the trap plants shared a history of co-existence with the AMF spores 156 collected from the rhizosphere of monoculture-or mixture-type plants of the same species. 157
Therefore we used new seeds from a commercial seed supplier which provided the original 158 seed material for the Jena Experiment (Rieger-Hofmann GmbH, Blaufelden-Raboldshausen, 159
Germany). The seeds were surface-sterilized and pre-germinated on 1 % water agar. Each 160 AMF trap culture was replicated twice. After ten months of growth in the glasshouse, we 161 collected a root sample from each trap culture, fixed the root samples in 50 % ethanol, 162 cleared them with 10 % KOH, and stained them with 5 % ink-vinegar (Vierheilig et al., 163 1998) . AMF colonization was quantified microscopically. For the trap cultures with fungal 164 colonization, we further quantified the concentration of AMF spores. We isolated AMF 165 spores from a 10-g soil sample with the same sieving and centrifugation methods used when 166 setting up the AMF trap-culture pots. The AMF spores were then counted under a 167 microscope. Trap-plant cultures that showed fungal root colonization were dried and the 168 plants were harvested at ground level. The roots were harvested, cut into 3-5 cm fragments 169 and the belowground content of the trap cultures was used as soil inoculum in the plant-soil 170 feedback experiment described below. 171
For the positive control soil treatment, we used a trap culture substrate containing 172 To establish the soil treatments, we filled 1-L pots with gamma-radiated (27-54 kGy) 183 1:1 (weight/weight) sand-soil mixture and added 9 % (volume/volume) of inoculum without 184 AMF (control), inoculum of AMF isolated from plants grown in monoculture (monoculture 185 AMF) or mixture (mixture AMF), or inoculum containing Rhizoglomus irregulare. One 186 monoculture-or mixture-type plant of a single test species was planted in each pot (Fig. 1,  187 lower panel). To standardize the non-AMF microbial community within each pot, we created 188 a microbial wash by filtering 1.2 L of a mixture of unsterilized field soil and the AMF trap 189 culture substrates through a series of sieves and finally through filter paper (MN615, 190 Macherey-Nagel GmbH & Co. KG) with 5 L of deionized water. We confirmed the absence 191 of AMF spores in the filtrate microscopically. Each pot received 10 ml of the microbial-wash 192 filtrate. The experiment included four soil treatments in total, two plant histories 193 (monoculture-and mixture-type plants) and five plant species in a full factorial design (Table  194   S1 ). Control and R. irregulare soil treatments were replicated five times and the two other 195 AMF treatments were replicated ten times (five times per trap-culture replicate, Table S1 ). 196
For the mixture-type plants of G. mollugo, we did not have sufficient seedlings for the full 197 design and the AMF treatments were thus only replicated 9 and 8 times, respectively (Table  198   S1 immediately after harvest and assessing the weight of the leaves before (fresh weight) and 212 8 after drying (dry weight). Finally, we estimated the degree of damage on plant aboveground 213 tissues due to powdery mildew (family Erysiphaceae) and two-spotted spider mites 214 (Tetranychus urticae Koch). To determine AMF colonization, roots and adhering rhizosphere 215 soil were cut into small fragments and random subsamples of roots were then stored in 50 % 216 ethanol for microscopic quantification of AMF using the same clearing and staining method 217 as described above (Vierheilig et al. 1998 ). All measured traits are listed in Table 1 . 218
219
Data analyses 220
Due to a contamination of control soil with AMF, one pot with G. mollugo was 221 excluded from all analyses. The biomass data, morphological trait measurements, leaf 222 damage estimates and AMF colonization were analysed using linear models. Plant survival 223
and AMF presence/absence were analysed using analysis of deviance. The results were 224 summarized in analysis of variance (ANOVA) and deviance (ANDEV) tables (McCullagh & 225 Nelder, 1998; Schmid et al., 2017) . The explanatory terms of the models were block, plant 226 history (monoculture-type vs. mixture-type), soil treatments (four soil treatments or sequence 227 of the following three orthogonal contrasts: control vs. AMF treatments, R. irregulare vs. 228 monoculture or mixture AMF and monoculture vs. mixture AMF), species and interactions of 229 these. Statistical analyses were conducted using the software product R, version 3.0.2 (R 230
Core Team, 2013) . 231
232
Results
233
Influence of soil treatments on plant functional traits (hypothesis 1: AMF effects) 234
The four different soil treatments changed the performance and functional traits of the 235 studied plant individuals but the response varied between the five studied species. We found 236 significant effects of the soil treatment on five traits (Fig. 2, Table 2 , interaction ST with 237 Species): plant aboveground biomass at the first harvest, plant aboveground biomass at the 238 second harvest, plant height, LDMC and AMF colonization. 239
The effects of the soil treatments on plant biomass were relatively consistent between 240 the two harvests (Fig. 2) . Biomass was highest in the treatment with R. irregulare, with the 241 exception of V. chamaedrys, for which the control soil lacking any AMF resulted in the 242 highest biomass. Soil containing AMF from mixture plots was the second best soil in terms of 243 plant biomass, again with the exception of V. chamaedrys and also P. lanceolata exhibited 244 higher biomass in soil containing AMF from monoculture plots. containing monoculture AMF, whereas for two other species (P. lanceolata and V. 257 chamaedrys) the opposite was the case and mixture AMF showed a higher AMF 258 colonization. In P. vulgaris, AMF colonization was equally low for both treatments. Because 259 the control soil did not contain AMF, this treatment was excluded from the analysis of AMF 260
colonization. An increase in AMF colonization was positively correlated with an increase in 261 individual plant biomass for all three AMF treatments (Fig. S1) . 262
263
Influence of plant selection history on plant functional traits (hypothesis 2) 264
A selection history in either monoculture or mixture resulted in differential responses 265 between individuals of the same species. However, these responses again varied between the 266 five studied species. We found significant effects of plant selection history on seven traits 267 (Fig. 3, Table 2 , interaction PH with Species): plant survival, plant aboveground biomass at 268 the first harvest, plant aboveground biomass at the second harvest, plant height, LMA, 269 LDMC and leaf damage. Mixture-type plants survived better in the case of the three small 270 herbs whereas for the legume L. pratensis and the tall herb G. mollugo, monoculture-type 271 plants showed a higher survival (Fig. 3) . Plant biomass was generally higher for mixture-type 272 plants (Fig. 3) , but L. pratensis and G. mollugo showed the opposite pattern with increased 273 biomass for monoculture-type plants (for L. pratensis only at the first harvest). The difference 274 in biomass production between monoculture-and mixture-type plants was smaller at the 275 second harvest but still varied significantly among the different species (Fig. 3) To test for potential co-adaptation between AMF and plants, we compared "home"-286 combinations (same selection history for both partners) with "away"-combinations (different 287 selection history for the two partners). We found such effects for two traits: LMA and leaf 288 absorbance (Fig. 4) . Again, these effects varied between the five species studied and, in 289 addition, differed in direction. 290
The home-combination between mixture-type plants and mixture AMF (first bar in 291 the panels in Fig. 4a ) increased LMA in four out of five species, the exception being V. 292 chamaedrys. The home-combination between monoculture-type plants and monoculture-293 AMF (fourth bar in Fig. 4a ) only increased LMA in P. vulgaris. Both away-combinations 294 increased LMA strongly in V. chamaedrys (second and third bar in Fig. 4a ) and the away-295 combination between mixture-type plants and monoculture AMF increased LMA for L. 296 pratensis (third bar in the panel in Fig. 4a ). Both home-combinations (first and fourth bar in 297 Our results provide mixed answers to our first hypothesis that AMF isolated from 303 multi-species plant communities should be more beneficial to plants than AMF isolated from 304 plant monocultures. As expected, we found significant effects of the soil treatments on plant 305 performance and traits. However, mixture AMF were only more beneficial than monoculture 306 AMF for the taller species G. mollugo and L. pratensis but not for the three shorter species P. 307 lanceolata, P. vulgaris and V. chamaedrys (see Fig. 2 ). These different species-specific 308 responses are in line with other studies showing context-dependent AMF effects on plants 309 (Burrows & Pfleger, 2002; Hoeksema et al., 2010,) . All studied plant species except V. 310 chamaedrys showed increased biomass production in the presence of AMF; and across 311 species plant biomass generally increased with increasing AMF colonization (Fig. S1) . 312
Interestingly, however, mixture AMF showed lower colonization than monoculture AMF in 313 the plant species that benefited from them and vice versa in the other three species. Although 314 11 AMF generally promote plant growth, the outcome of the interaction may vary from 315 mutualism to parasitism (Johnson et al., 1997; Klironomos, 2003; Kiers & Van Der Heijden, 316 2006; Argüello, 2013) . That mixture AMF were more beneficial for species with low than 317 with high colonization could indicate that a shift from mutualism to parasitism occurred at 318 higher colonization. Colonization by the "control" AMF R. irregulare, which did not share a 319 common history with the experimental plants, was greater than mixture or monoculture AMF 320 and led to higher plant biomass especially at the first harvest. A high colonization ability of 321 R. irregulare has previously been observed (Hart & Reader, 2002; Engelmoer et al., 2014) . 322
The soil treatment with R. irregulare differed from the other AMF treatments also with 323 respect to AMF diversity: inoculum with R. irregulare represented a single AMF species 324 whereas monoculture and mixture AMF inocula likely included several AMF species. Their 325 lower colonization could thus have been due to competition between AMF species for a 326 single host plant (Engelmoer et al., 2014) . 327
Our second hypothesis, that mixture-type plants grow faster whereas monoculture-328 type plants are better defended was generally supported by our experiment (see significant 329 main effects of plant history in Table 2 ). But here again the different plant species varied in 330 their responses. Mixture-type plants of three species were more productive and mixture-type 331 plants of three species grew taller than monoculture-type plants (see Fig. 3 ). Furthermore, 332 three out of the five species showed higher LDMC and four species higher LMA for mixture-333 type plants in comparison with monoculture-type plants, indicating that mixture-type plants 334 also invested more resources into leaf biomass production. In contrast, monoculture-type 335 plants had less leaf damage, which confirmed the second part of our hypothesis 2, namely 336 that monoculture-type plants evolved increased defence. We observed particularly severe 337 infections by powdery mildew in mixture-type plants of P. lanceolata, suggesting, in 338 agreement with Engelmoer et al. (2014) , that monoculture-type plants of P. lanceolata may 339 have been subjected to particularly strong selection pressure for pathogen defence in 340 comparison with mixture-type plants. The increased resource investment into leaves in 341 mixture-type plants thus may have been at the cost of lowered pathogen defence. Specialized 342 pathogens have indeed been observed to become diluted at higher plant diversity levels in the 343 Jena Experiment (Eisenhauer et al., 2012; Rottstock et al., 2014) , thus conferring lower 344 selection pressure in plant mixtures than in monocultures. To increase survival, plants in 345 monocultures are expected to allocate more resources to defence (Bezemer & van Dam, 346 2005) or may enter more beneficial symbioses (Newsham et al., 1995) . Consequently, 12 survival in plant monocultures may depend on the ability of the plant to allocate resources to 348 these interactions whereas plants in mixtures can allocate these resources to growth. 349
Our third hypothesis was that co-adaption between plants and their associated AMF 350 after a common selection history in the field strengthens the plant-AMF mutualism. For two 351 plant traits, both related to leaf properties, we found some evidence of co-adaptation between 352 monoculture-type plants and monoculture AMF and between mixture-type plants and mixture 353 AMF. Namely, leaf absorbance and LMA were increased in the small herb P. vulgaris if the 354 AMF were co-selected. Increased leaf absorbance and high LMA are related to higher area-355 based nitrogen content (Niinemets, 1997; Moran et al., 2000) , suggesting that co-selected 356 AMF may have improved the nitrogen uptake of these plants. The opposite response was 357 observed for leaf absorbance in L. pratensis and for LMA in V. chamaedrys. In these two 358 cases, co-adaptation between plants and AMF was rather detrimental (see Fig 4) , suggesting 359 that the latter became more parasitic over the eleven years of co-selection history (see 360 Methods). We speculate that this might have been due to faster evolution in the AMF than the 361 plant. Comparative field studies that have examined evidence for AMF adaptation without 362 selection imposed by an experimental setting yielded controversial results. Two studies 363 focusing on the AMF found support for co-adaption (Weinbaum et al., 1996; Pánková et al., 364 2014a ). However, other research (Pánková et al., 2014b , Lambert et al., 1980 did not find 365 any evidence for co-adaptation, but rather an adaptation of the AMF or the plant to local soil 366 conditions. Indeed, a reciprocal inoculation experiment (Johnson et al., 2010) and a recent 367 meta-analysis (Rúa et al., 2016) suggested the variability in the outcomes of such studies was 368 influenced by the soil in which the co-adaptation was tested. In line with these findings, our 369 study showed that co-selection of plants and AMF did not generally result in more beneficial 370 associations. 371
372
Conclusions 373
Here we developed an experimental procedure to test for co-adaptation of AMF and 374 plants in plant monocultures and mixtures in a biodiversity experiment. We found that AMF 375 selected in plant mixtures were more beneficial than AMF selected in plant monocultures for 376 two out of five plant species. Furthermore, plants selected in mixtures generally grew better 377 but suffered more leaf damage than plants selected in monocultures. However, cases of co-378 adaptation between AMF and plants from mixtures or AMF and plants form monocultures 379
were rare and when they did occur they were generally in the direction of increased 380 parasitism by the AMF, leading to reduced performance of the plant partner. This suggests 381 13 that co-adaptation between plants and AMF in plant biodiversity experiments does not follow 382 a general pattern leading to increased mutualism but rather is context-dependent and more 383 resembles an arms race in which sometimes the outcome may be reduced mutualism, 384 depending on the plant functional group or species involved. 
